Preterm birth adversely affects postnatal brain development. In order to investigate the critical gestational age at birth (GAB) that alters the developmental trajectory of gray and white matter structures in the brain, we investigated diffusion tensor and quantitative T2 mapping data in 43 term-born and 43 preterm-born infants. A novel multivariate linear model-the change point model, was applied to detect change points in fractional anisotropy, mean diffusivity, and T2 relaxation time. Change points captured the "critical" GAB value associated with a change in the linear relation between GAB and MRI measures. The analysis was performed in 126 regions across the whole brain using an atlas-based image quantification approach to investigate the spatial pattern of the critical GAB. Our results demonstrate that the critical GABs are region-and modality-specific, generally following a central-to-peripheral and bottom-to-top order of structural development. This study may offer unique insights into the postnatal neurological development associated with differential degrees of preterm birth.
Introduction
Medical complications due to preterm birth are the leading cause of death and disability among children under five years of age, and preterm births occur 5-18% globally, leading to almost 1 million deaths per year according to the World Health Organization, 2015 (http://www.who.int/mediacentre/factsheets/fs363/en/). Preterm is defined as babies born alive before 37 weeks of pregnancy are completed. Sub-categories include: extremely preterm ( < 28 weeks of gestational age), very preterm (28 to < 32 weeks) and moderate-to-late preterm (32 to < 37 weeks). The adverse impact of preterm birth on neurological development has been demonstrated in a number of cognitive, behavioral, and neuroimaging studies (Atkinson and Braddick, 2007; Cheon et al., 2011; Fryer et al., 2008; Ortibus et al., 2012; Van Braeckel et al., 2008; Volpe, 2009) . Nevertheless, the effect of gestational age at birth (GAB) on regional brain development has not been fully characterized. For example, it is not clear how moderate-tolate preterm birth affects the postnatal development of different brain structures (e.g., commissural fibers versus the association fibers). Considering the variations in the developmental trajectories of the gray and white matter and their differential maturity levels at birth (Mukherjee et al., 2001; Saksena et al., 2008; Trivedi et al., 2009; Yap et al., 2013) , we can expect that the GAB may differentially affect the development of brain structures. Therefore, knowledge of the regional vulnerability to GAB may offer additional insights into the risk assessment for preterm labor or induced delivery.
Magnetic resonance imaging (MRI) is an ideal tool to investigate postnatal neurological development, as well as structural and functional alterations induced by preterm birth Anjari et al., 2007; Ball et al., 2013; Dubois et al., 2008a; Huppi et al., 1998; Melbourne et al., 2014; Padilla et al., 2015; Partridge et al., 2004; Rose et al., 2008; Thompson et al., 2011; Yoo et al., 2005) and other perinatal events (Ball et al., 2010; Gao et al., 2012; Lepomaki et al., 2013) . Structural MRI, including T1-and T2-weighted imaging and quantitative T1 and T2 mapping techniques, have been employed in neonatal studies since the 1980s (Barkovich et al., 1988; Holland et al., 1986; Johnson et al., 1983; Lee et al., 1986) , and are used widely for clinical monitoring of brain development (Baratti et al., 1999; Ding et al., 2004; Ment et al., 2009; Woodward et al., 2006) . Brain maturation is marked by T1 and T2 shortening during childhood, which is thought to reflect the progression of myelination in white matter tracts. However, at the long echo-times ( > 20 ms) that are commonly used, it is unlikely that the myelin water signal with an extremely short T2 ( < 10 ms) is directly captured on conventional T2-weighted images. In quantitative T2 studies, the reduction in T2 relaxation time has been attributed to the secondary maturation processes of myelin, such as tightening of the myelin spiral around the axon , and the increased concentration of macromolecules and membranes, which may modify the chemical composition (Baratti et al., 1999) .
More recently, diffusion MRI, especially diffusion tensor imaging (DTI) (Basser et al., 1994) , has become a popular tool for the characterization of neonatal brain development, as it provides superior contrast between gray and white matter tissues in the premature brain. DTI-measures and DTI-based tractography have been extensively used to detect anatomical abnormalities in the neonatal brain (Miller et al., 2007; Mourmans et al., 2006; Neil et al., 2002; Nijman et al., 2013; Oishi et al., 2013; Okumura et al., 2008; Padilla et al., 2014; Panigrahy and Bluml, 2007; Paquette et al., 2013; Parmar et al., 2004; Pogribna et al., 2013; Porter et al., 2010) , including aberrant neurological development in preterm infants Huppi et al., 1998; Partridge et al., 2004; Yoo et al., 2005) . Mean diffusivity (MD) decreases and fractional anisotropy (FA) increases rapidly during the first two years of life, and these measurements continue to change through childhood and adulthood (Brown et al., 2012; Mukherjee et al., 2001; Saksena et al., 2008; Yap et al., 2013; Zhang et al., 2005) . Relative to term born infants, preterm infants showed lower FA values and higher MD in white matter regions, such as the corpus callosum (Alexandrou et al., 2014; Anjari et al., 2007; Huppi et al., 1998; Rose et al., 2008; Shim et al., 2012; Thompson et al., 2011) . The agedependent decreases in MD during normal development is likely due to the concomitant decrease in overall water content, as well as changes in cellularity and axonal packing that further hinder water motion (Martin et al., 2014) . FA is thought to reflect microstructural organization: in the white matter, the increase in FA during brain maturation is related to both 'premyelination' changes (increase in axon diameter and axonal membrane changes) (Wimberger et al., 1995) , and increased axonal coherence from the myelination process (Huppi and Amato, 2001; Nelson et al., 1998) ; conversely, in the cortical gray matter, the FA decrease may be related to the growing complexity of the dendritic architecture (Neil et al., 2002) . DTI-based indices and relaxation time values reveal complementary information about the structural properties in the brain; together, these metrics may offer a more comprehensive profile of neuronal development and pretermbirth related abnormalities.
To extend our understanding of the MRI signatures of perinatal development, we employed a novel statistical model, namely, the change point analysis (Miller et al., 2015; Younes et al., 2014) , aiming to detect changes in the correlation between GAB and MRI measures in preterm and term-born infants. To capture regional variability, rather than choosing selected regions of interest (ROI) or tracts of interest, we performed a data-driven analysis using automated whole-brain segmentation based on neonatal DTI brain atlases (Oishi et al., 2011) and advanced image registration techniques (Christensen et al., 1996; Miller et al., 1993) . We hypothesized that (1) the neurodevelopment trajectory is altered at a given threshold that is determined by the GAB of the infant, and (2) that each brain structure has its characteristic threshold, or "change point". Our findings demonstrate the wholebrain pattern of critical GABs that may alter the neurodevelopmental trajectories. The structure-dependent change points may reflect the regional variability of brain development associated with different degrees of preterm birth and possible additional influences from typical co-morbid medical conditions associated with preterm birth.
Methods

Participant selection and characteristics
Brain MRI data were obtained from infants recruited and scanned at the University of Hawaii and the Queen's Medical Center MR Research Center in Honolulu, HI, as described in our prior work Chang et al., 2016) . The infants' parents or legal guardians provided written and verbal informed consent for the study, which was approved by the Cooperative Institutional Review Board (IRB) of the Queen's Medical Center and the University of Hawaii, as well as the IRB at the Johns Hopkins University. Participants were screened by telephone initially and again by a physician on the day of the scans for the following criteria. They were excluded if the mothers were < 18 years of age, or were unable to fully understand English, which would have precluded informed consent. Inclusion criteria for the infants were: 1) new born male or female child of any ethnicity; 2) born prematurely at < 37 weeks gestational weeks (for the preterm infants) or born at 37-42 weeks gestation (for term born infants); 3) had parental/legal guardian consents. Exclusion criteria for the termborn infants included: 1) prolonged intensive care ( > 7 days); 2) intracranial hemorrhage; 3) neonatal hypoxic-ischemic encephalopathy; 4) known toxoplasmosis; other (syphilis, varicella-zoster, parvovirus B19); and rubella, Cytomegalovirus (CMV), and Herpes infections (TORCH); and 5) congenital heart disease or other anomaly; or 6) any chromosomal anomaly. Preterm-born infants were excluded if they 1) required supplementary oxygen or mechanical ventilation during the time of scanning; 2) had a circulatory, respiratory or airway abnormality; or 3) were diagnosed with fever, epilepsy, or active infection. The infants were also excluded if they had any contraindications for MR studies (e.g., metallic or electronic implants).
43 preterm-born infants and 72 term-born infants fulfilled all study criteria and had acceptable DTI scans were included in this study initially. Since more term-born infants were available than pretermborn infants, and this unbalanced GAB distribution may affect the change point analysis, we matched the number of term-born infants to that of the preterm-born infants by randomly sub-sampling the termborn infant population. Therefore, 43 preterm and 43 term-born infants were used in the final analysis. The demographic and clinical characteristics of these infants are listed in Table 1 , including their gestational ages, weight, height, head circumference at birth and at scan, sex, race, delivery method, complications during neonatal period, neurological examination results, as well as related parental information.
MRI data
The infants were scanned without sedation. A vacuum immobilization mat (Noras MRI Products, Hoechberg, Germany) was used to minimize infant motion, and earmuffs were used to attenuate the scanner noise. Images were acquired using a 3.0 T Siemens TIM Trio scanner (Siemens Medical Solutions, Erlangen, Germany) equipped with a 12-channel phased-array RF coil for parallel imaging.
For DTI, a single-shot echo-planar imaging (EPI) acquisition was used with sensitivity-encoding (SENSE) at two-fold acceleration. The imaging parameters were as follows: imaging matrix=80×80 with a field-of-view (FOV) of 160×160 mm, which resulted in a 2×2 mm inplane resolution; axial slices of 2.5 mm thickness and 40-50 slices to cover the entire brain; echo time (TE)=106 ms and repetition time (TR) =7-9 s, depending on specific absorption rate limitations; and two signal averages. Diffusion weighting was applied along 12 independent directions with b=1000 s/mm 2 , in addition to a minimally diffusionweighted (b0) image.
A dual-echo fast spin echo sequence was used to obtain the T2 maps, with the following imaging parameters: imaging matrix =128×128 and FOV=250×250 mm, resulting in a 1.95×1.95 mm in-plane resolution, axial slices of 2.5 mm thickness and 40-50 slices to cover the entire brain, and TR/TE1/TE2=4550/24/130 ms.
T1-weighted images were acquired with three-dimensional (3D) magnetization-prepared rapid gradient-echo (MPRAGE) sequence, with TE/TI/TR of 4.15/1400/3200 ms, a flip angle of 7°, an imaging matrix of 176×256×160, and 1 mm isotropic resolution. T2-weighted images were acquired with 3D Sampling Perfection with Application optimized Contrast using different flip angle Evolutions (SPACE) sequence, with TE/TR of 386/3200ms, an imaging matrix of 120×204×256, and 1 mm isotropic resolution. All scans were quality assured upon acquisition by the experienced MR technical staff and repeated as needed. A neuroradiologist (D.L., see Acknowledgments) read all anatomical images (T1-and T2-weighted) to exclude subjects with anatomical abnormalities, and all scans used in this study were read as normal, except for scans from four preterm infants who had minimal or small amounts of residual hemosiderin from their intracerebral hemorrhages.
Data preprocessing DTI data segmentation
The raw diffusion-weighted images were first co-registered to the minimally diffusion-weighted images separately for each dataset, using linear Automated Image Registration (AIR) (Woods et al., 1998) . From the co-registered diffusion-weighted images, six elements of the diffusion tensor were calculated for each pixel, with log-linear fitting using DtiStudio (www.mriStudio.org) (Jiang et al., 2006) . We used an automated outlier rejection function (Li et al., 2013) in the DtiStudio to reject slices with a relative fitting error of more than 3%. An experienced neurologist (K.O.) performed the second quality check, based on visual inspection of the color-coded orientation maps calculated from the tensor field, to ensure the data had no noticeable motion artifacts.
The FA and MD images from individual neonates were then transformed to the JHU-neonate single brain DTI atlas (Oishi et al., 2011) , first through linear AIR transformation followed by Large Deformation Diffeomorphic Metric Mapping (LDDMM) (Christensen et al., 1996; Miller et al., 1993) , using the dual-channel FA and MD contrasts. The multi-contrast JHU-neonate atlas then automatically segmented the transformed DTI data into 126 regions of interests (ROIs). The FA and MD values were extracted from the ROIs with a MD threshold of 2×10 −3 mm 2 /s, to exclude the cerebrospinal fluid (CSF) component. The DTI images were further inspected for registration failure, and none of the data showed visible registration failure. The axial and radial diffusivities (AD and RD) were also calculated from the tensor field to help with the interpretation of the change points in FA and MD.
T2 map segmentation
The T2 maps of individual infants were calculated by calculating T2 relaxation times from the two echoes of the dual-echo sequence (Duncan et al., 1996) . The proton-weighted images (first echo) were first skull-stripped, using the Brain Extraction Tool (BET) (Smith, 2002) , followed by manual editing performed on ROIEditor (www. mristudio.org), and the resultant brain-mask was used to skull-strip the second-echo T2-weighted images of the T2 mapping sequence. The skull-stripped second-echo T2-weighted images were transformed to the minimally-diffusion-weighted images from the DTI data, which carried a similar T2-weighted contrast, through AIR transformation followed by LDDMM. The second-echo T2-weighted images and T2 maps that were co-registered to the corresponding DTI images in their native space were then transformed to the JHU-neonate atlas, using the transformation matrix obtained in 2.3.1. The T2 relaxation times could then be extracted from the 126 ROIs segmented from the atlas. The concatenated registration procedure was performed instead of directly registering the T2 mapping data to the JHU T2 atlas, because 1) the T2 mapping data and the DTI data were acquired from the same individuals, and the contrasts between the second-echo T2-weighted image and the b0 image of the DTI data were close enough to drive the cross-modality co-registration (Huang et al., 2008) ; and 2) DTI-to-DTI co-registration was more accurate than the T2-to-T2 co-registration due the high white matter contrast in the FA maps (Oishi et al., 2012) . 
(1)
where k is the subject index, Δ is the change point (in unit of GAB), [a a a a a , , , ,
4 ] are the model parameters, and ϵ is the noise that follows Gaussian distribution with zero mean. H is an indicator (Heaviside) function with H(x)=1 if x > 0 and H(x)=0 otherwise. Therefore, in Eq. (1), the change point is explicitly modeled as an additional linear change (a 2 ) of y against GAB that takes effect only when GAB is greater than the change point Δ, in addition to the baseline change (a 1 ). The model parameters are estimated using maximum likelihood estimation (MLE) (Miller et al., 2015; Younes et al., 2014) , at each Δ with log-likelihood L(Δ). The optimal change point is obtained at Δ* when L(Δ) reaches the maximum, where Δ ranges from a GAB of 30-40 weeks with a step size of 0.1. The null hypothesis is a =0 2 , and a significant change point is found when a ≠0 2 at Δ*. Notice that we have more term-born infants (n=72) than preterm-born infants (n=43), and the GAB of the term-born infants fell within a narrow range (39.62 ± 1.07 weeks).
Significance tests
The significance of the change points was evaluated using a permutation test (Nichols and Hayasaka, 2003) , as detailed previously (Miller et al., 2015; Younes et al., 2014 . The significance of the change points was detected at a 5% false discovery rate (FDR) after correcting for multiple comparisons (Benjamini and Hochberg, 1995) .
Bootstrap
We assessed the variance of the change point estimation using a bootstrap operation (Miller et al., 2015; Younes et al., 2014) . Briefly, in each bootstrap operation, the data (k K =1, …, ) were resampled with resubstitution, and the change point (∆ * b ) was estimated based on the resampled data. By repeating this procedure for a large number of times (N = 10,000), the standard deviation of the change point of Δ* can be obtained based on the N numbers of ∆ * b to evaluate the precision of the detected change points.
Effects of chronological age
External stimuli and environmental changes that occur after birth are known to have significant effects to the neurological development (Citri and Malenka, 2008; Morishita and Hensch, 2008; Tau and Peterson, 2010) . The chronological ages of preterm-born infants were older than that of term-born infants; and thereby, the preterm-born infants had longer periods of exposure to the external environment. We did not directly include the chronological age (from birth to PMA at scan) into the change point model, since it depends on PMA at scan and GAB, which are already included in the model. Therefore, correlations between chronological age and the MRI measures (FA, MD, and T2 after correcting for PMA at scan and gender) were investigated separately from the change point analysis, to help interpretation of the change points identified in this study.
Results
Change point analysis of the FA data Fig. 1 shows several white and gray matter structures with significant change points based on FA measurements. The FA values were plotted against GAB, after correction for PMA at scan and gender, based on the multivariate regression model; and therefore, the bi-phasic linear changes in FA observed in the plots were primarily dependent on GAB. The red dots denote data from preterm and blue dots from term-born neonates. The black solid curves represent the fitted FA data based on GAB (second and third terms in Eq. (1)), and the black dashed vertical lines indicate the positions of the change points. 49 of the 126 brain structures showed significant change points (familywise p < 0.05), and in the majority of these structures (39 out of 49), FA increased with GAB up to the change point, with relatively small changes thereafter (Fig. 1A , only those with most significant change points (familywise p < 0.05) were plotted). The increase in FA with GAB seen before the change point was due to steeper RD reduction compared to AD (Fig. 1A in reference (Wu et al., 2017) ). However, an opposite pattern was observed in the remaining 10 of the 49 structures, including the bilateral posterior limb of the internal capsule, bilateral posterior corona radiata, bilateral globus pallidus, bilateral midbrain, right middle occipital gyrus, and left cuneus. In these structures, FA values were relatively stable before the change point but tended to decrease with GAB after the change points (Fig. 1B) , which was associated with the slight increase of RD with GAB after the change points (Fig. 1B in reference Wu et al. (2017) ).
The change points of FA from individual ROIs were mapped onto the JHU-neonate atlas, and thresholded with a significance level of 0.05 (permutation test followed by FDR correction) (Fig. 1C) . A whole brain map of FA-based change point maps without thresholding can be found in Supplementary Fig. 1A . A bottom-up and centralto-peripheral order of structural maturation can be appreciated from these maps: 1) the brainstem structures, such as the midbrain, pons, and medial lemniscus (yellow arrows in Fig. 1C ), showed the earliest change points around 30-34 weeks of GAB; 2) the projection tracts, such as the internal capsule (orange arrows in Fig. 1C) , showed an early change point around 34 weeks of GAB; 3) the association tracts, such as the superior longitudinal fascicles, uncinate fasciculus, cingulum, and inferior fronto-occipital fasciculus (blue arrows in Fig. 1C ), had relatively late change points around 36-40 weeks of GAB; 4) several deep brain gray matter structures also showed an early change point around 34 weeks of GAB, e.g., the striatum and globus pallidus. The change points of all structures along with their p-values and standard deviations are listed in Supplementary Table 1. Fig. 1 . Change point analyses in the white and gray matter structures that showed GAB-dependent FA changes with significant change points (familywise p < 0.05). (A-B) First row for each structure: the x-axes represent GAB in unit of weeks, and the y-axes represent FA after correcting for PMA at scan and gender, based on the multivariate regression change point model. The red and blue dots denote data from preterm and term-born neonates, respectively. The black lines show FA values fitted to GAB only (first and second terms in Eq. (1)), and dashed lines indicate the change points. Second row for each structure: the x-axes represent chronological age (age after birth) in unit of weeks, and the y-axes represent FA after correcting for PMA at scan and gender. The black lines indicated the linear regression between FA and chronological age with both the term and preterm-born infants, and the orange lines showed the linear fitting with only the preterm data. In a majority of structures (n=39), FA increased with GAB before the change point, and then remained relatively stable after the change point (A). However, in some structures (n=10), the FA was relatively stable before the change point and then decreased with GAB after the change point (B). For the first pattern (A), only the structures with most significant change points (familywise p < 0.01) were plotted. For the structures that were bilaterally significant, only one side (left side) was presented; for those that were significant only in one side, the laterality is indicated in the plots.(C): Change point values of FA in regions with significant change points (family-wise p < 0.05), overlaid on the JHU neonate FA atlas. The color bar indicates the change points in units of GAB (weeks). Abbreviations: SCP -superior cerebellar peduncle; ITG -inferior temporal gyrus; CP -cerebral peduncle; MB -midbrain; SS -sagittal striatum; IFO -inferior fronto-occipital fasciculus; GP -globus pallidus; Put -putamen; Thal -thalamus; Cucuneus; ALIC -anterior limb of internal capsule; PLIC -posterior limb of internal capsule; RLIC -retrolenticular part of internal capsule; TAP -tapetum; PCR -posterior corona radiata; PrCu -precuneus; SLF -superior longitudinal fasciculus; CGC -cingulum cingular part.
Change point analysis of MD data
Compared to FA, fewer structures showed significant change points based on MD measurements (16 structures from MD analysis versus 49 from FA). In most of these structures, MD values (after correcting for PMA at scan and gender) decreased with GAB before the change points and then remained relatively stable afterwards ( Fig. 2A) . This is similar to the first pattern of GAB-dependent change observed in FA (Fig. 1A) , although MD showed GAB-dependent decreases while FA showed GAB-dependent increases prior to the change point. An exception was found in the left fornix, where the MD values were stable before the change points but underwent a rapid decrease with GAB after the change points (Fig. 2B ). Fig. 2C shows the MD-based change points mapped onto an MD image from the JHU-neonate atlas, with a FDRcorrected p-value threshold of 0.05. The pons had the earliest change point around 31 weeks of GAB. A few deep brain structures showed relatively early change points at 34-36 weeks of GAB, including the posterior limb of the internal capsule and globus pallidus. Whole brain Fig. 2 . Change point analysis of MD measurements (corrected for PMA at scan and gender) in the structures with significant change points (familywise p < 0.05). (A-B) First row for each structure: change of MD against GAB, after correcting for PMA at scan and gender. The red and blue dots denote data from preterm and term-born neonates, respectively. The black lines show FA values fitted to GAB only, and dashed lines indicate the change points. Second row for each structure: change of MD against chronological age, after correcting for PMA at scan and gender. The black lines indicated the linear regression between FA and chronological age with both the term and preterm-born infants, and the orange lines showed the linear fitting with only the preterm data. For the structures that were bilaterally significant, only one side (left side) was presented; for those that were significant only in one side, the laterality is indicated in the plots. In a majority of regions (n=15), MD decreased with GAB before the change point, and remained relatively stable after the change point (A). Conversely, MD values in left fornix (B) were relatively stable before the change point and then decreased with GAB after the change point. (C): Change point values of MD in regions with significant change points (family-wise p < 0.05), overlaid on the JHU neonate MD atlas. The color bar indicates change points in units of GAB (weeks). Abbreviations: CP -cerebral peduncle; MOG -middle occipital lobe; GP -globus pallidus; PLIC -posterior limb of internal capsule; Fx -fornix; TAP -tapetum. maps of MD-based change points in all structures are shown in Supplementary Fig. 1B , and their statistical results are listed in Supplementary Table 1 .
Change point analysis of the T2 relaxation times
The T2 relaxation times, after correcting for PMA at scan and gender, showed an initial increase, followed by a decrease after the change point. 11 brain regions showed significant change points from the T2 analysis (Fig. 3A) . In contrast to the FA and MD results, these structures were mostly located in the cortex (Fig. 3B) , including the bilateral postcentral gyrus, precuneus, medial fronto-orbital gyrus and gyrus rectus. These cortical regions demonstrated similar change points around 32 weeks of GAB. Whole brain maps of T2-based change points in all structures are shown in Supplementary Fig. 1C , and their statistical results are listed in Supplementary Table 1. Note that only the left fornix showed significant change points across all three modalities (FA, MD, and T2 relaxation-time). In addition to left fornix, 13 structures were significant for both FA and MD measurements, including the bilateral posterior limb of the internal capsule, bilateral tapetum, bilateral globus pallidus, bilateral pontine crossing tract, bilateral pons, bilateral medial lemniscus, left cerebral peduncle; and 4 structures were significant for both the FA and T2 relaxation time measurements, including the bilateral superior cerebellar peduncle and bilateral precuneus.
Effect of postnatal external stimuli on FA, MD, and T2 relaxation time
The FA, MD, and T2 relaxation times were plotted against chronological age to investigate the impact of external stimuli on postnatal brain development (Figs. 1-3 , plots in the second rows for each structure), in addition to the effect of GAB that was analyzed in the change point model. The red and blue dots denote data from preterm and term-born neonates, respectively, after correcting for PMA at scan and gender. The black lines indicated the linear fitting against chronological age with all data, and the orange lines showed the linear fitting with only the preterm data. The FA measurements demonstrated two types of chronological age dependent changes. For the structures in Fig. 1A , which had increased FA before the change point, the FA values showed a tendency to decrease with chronological age; whereas for the structures in Fig. 1B , which had decreased FA after the change point, FA tended to increase with chronological age. Although the linear regression between FA and chronological age was not significant, after FDR correction, the different tendency seen in the two types of structures indicated that the chronological age had higher impact on the second type of structures. The MD values also exhibited two types of relations with chronological age. For the structures in Fig. 2A , which had decreased MD before the change point, the MD values showed little change or slight increase but no significant correlation with chronological age; whereas in the left fornix (Fig. 2B) , the only structure that had decreased MD after the change point, the MD values significantly increased with chronological age (familywise p < 0.001). The T2 relaxation time showed a positive correlation with chronological age in all structures that had significant change points (Fig. 3A , black lines in the second row plots for each structure), and the correlation was significant in the left fornix, bilateral superior cerebral peduncle, and bilateral gyrus rectus (familywise p < 0.05). However, there was a disparity between term and preterm populations, and the preterm Fig. 3 . Change point analysis of T2 relaxation times (corrected for PMA at scan and gender) in the structures with significant change points (familywise p < 0.05). (A) First row for each structure: change of T2 relaxation time against GAB, after correcting for PMA at scan and gender. The red and blue dots denote data from preterm and term-born neonates, respectively. The black lines show T2 relaxation time fitted to GAB only, and dashed lines indicate the change points. Second row for each structure: change of T2 relaxation time against chronological age, after correcting for PMA at scan and gender. The black lines indicated the linear regression between T2 relaxation time and chronological age with both the term and preterm-born infants, and the orange lines showed the linear fitting with only the preterm data. For the structures that were bilaterally significant, only one side (left side) was presented; for those that were significant only in one side, the laterality is indicated in the plots. In all regions (n=11), T2 relaxation times increased slightly before the change point and then shortened with GAB after the change point. (B): Change point values of T2 relaxation time in regions that showed significant change points (FDR p < 0.05), overlaid on the JHU neonate T2-weighted atlas. The color bar indicates the change points in units of GAB (weeks). Abbreviations: MFOG -medial fronto-orbaital gyrus; RG -gyrus rectus; SCP -superior cerebellar peduncle; Fx -fornix; PrCu -precuneus; PoCG -postcentral gyrus.
infants alone showed a slight tendency decreased T2 relaxation time with chronological age (orange lines, no statistical significance), which indicated that changes in T2 relaxation time were mainly attributed to prematurity from preterm birth instead of the effect of chronological age.
Discussion
Brain immaturity associated with preterm birth may pose risks for neurological disabilities and impairments throughout the lifespan (Back and Volpe, 1997; Volpe, 1995) . In this study, we adopted a change point model to characterize the impact of brain maturity at birth on early postnatal development, which may also be partially attributed to typical co-morbid conditions associated with preterm birth. The change point analysis has been applied previously in Alzheimer's disease (Miller et al., 2015; Younes et al., 2014) to capture the critical age when the medial temporal lobe structures experience an altered morphological change during aging. Here, we adapted the model in the context of GAB-dependent MRI measures to determine the critical gestational age when a significant change occurs in the developmental trajectory, based on multi-modality MRI markers from preterm and term-born infants. The change point model adopted in this study approximates the development trajectory by two linear phases with different slopes, which is a relatively simple but wellsupported pattern based on earlier studies (Brown et al., 2012; Dubois et al., 2008b; Huppi et al., 1998; Mukherjee et al., 2001; Neil et al., 2002; Oishi et al., 2011) . It is possible that high-order or nonlinear models could better represent the developmental changes, but they may introduce model complexity and instability in fitting. While the best mathematical formulation of brain development is a question of debate, results from the bi-phase change point model characterized important features of the early postnatal MRI measurements.
In most of the structures with significant change point, the corrected FA was positively correlated with GAB until the change point, followed by no or less correlation with GAB. The positive correlation observed before the change point was due to the fact that RD reduced with GAB in a faster rate than that of AD. According to the "fibers myelination" hypothesis (Dubois et al., 2008b) , myelination during development reduces RD more than AD. Therefore, the correlation between FA and GAB might be due to delayed myelination that occurred in the preterm infants with the GAB lower than the change point. We postulated that change points were associated with the critical GAB point that causes delay in myelination. If the preterm birth occurs later than this critical GAB, it may have little or no adverse impact on the myelination. The regional variation of the FA-based change points throughout the brain indicates a bottom-to-top and central-to-peripheral pattern of maturation. For instance, the brainstem structures, deep brain structures, and projection fiber tracts showed relatively early change points, whereas the association tracts and cortical regions showed relatively late change points. This temporal-spatial pattern generally agrees with existing knowledge about white matter development, with the commissural and projection fibers being the most developed structures at term-birth and the association fibers being the last to mature. A central-to-peripheral, bottom-to-top, and posterior-to-anterior developmental order was established from earlier studies (Dubois et al., 2006; Gilmore et al., 2007; Huang et al., 2006; Huppi et al., 1998; Yap et al., 2013) . On the other hand, several structures that are located in central and posterior areas, such as the posterior limb of the internal capsule, the posterior corona radiata, and some gray matter structures, demonstrated a different pattern of GABdependency. Specifically, FA demonstrated little change with GAB before the change point but showed GAB-dependent decrease afterwards, caused by positive slope of RD with GAB. For the white matter structures of this type, we speculate that this pattern resulted from two counteracting factors: (i) delayed membrane proliferation (Dubois et al., 2008b ) due to preterm birth, which relates to the increase of FA with GAB; and (ii) accelerated brain development after birth due to maturation of the oligodendrocyte (Pistollato et al., 2007) and input of external stimuli (Citri and Malenka, 2008; Morishita and Hensch, 2008; Tau and Peterson, 2010) , which may cause FA to decrease with GAB (note that lower GAB infants were older in chronological age). (ii) is partially supported by the positive correlation between FA and chronological age in these structures. FA may decrease with GAB, as seen after the change point, when the second factor outweigh the first one; and when the effects of the two factors balance, FA may not change with GAB, as seen before the change point in Fig. 1B . In addition to these two physiological influences, the FA values can also be affected by the occurrence of crossing fibers-a known limitation of the diffusion tensor approach (Tuch et al., 2002; Wedeen et al., 2008) . For example, the crossing between the corona radiata and corpus callosum is commonly observed (Wiegell et al., 2000) , which may lead to FA reduction in related areas as the crossing fibers develop.
MD in a majority of the brain structures followed "an initial GABdependent decrease then plateau" pattern; therefore, the interpretation of MD-based change points for structural maturation are similar to those of the first pattern of GAB-dependent change in FA. Compared to FA results, fewer structures showed significant change points on MD (49 for FA versus 16 for MD). One possible cause for this difference is that water content measurement by MD may not be as sensitive to prematurity as the FA measurement, because FA reflects the complex microstructural organization, including the 'premyelination' changes (Wimberger et al., 1995) as well as the myelination process (Huppi and Amato, 2001; Nelson et al., 1998) . MD values in the left fornix demonstrated a reversed relationship with GAB-MD was stable before the change point but showed GAB-dependent decreases after the change point. We postulate that, in this pattern of GAB-dependent change, the change point may be associated with the factors that affect initiation of membrane proliferation or myelination.
The T2 relaxation times generally demonstrated an initial GABdependent increase before the change point followed by GAB-dependent shortening after the change points. The initial T2 increase phase may result from external stimulation-associated postnatal development, similar to the second pattern observed in FA; whereas the T2 shortening phase after the change point may indicate microstructural development, including the myelination processes, with the change point points being the initiation points of these processes. However, the spatial pattern of T2-based change points was distinct from that for FA or MD. In particular, the majority of significant changes were located in the cortical regions with change points at 30-32 weeks of GAB. T2 relaxation time, being a general measure of spin-spin interaction and chemical composition (Nishimura, 2010) , is sensitive to a broad range of biological events. The shortening of T2 relaxation time after the change point as observed in the cortical gray matter of the neonates may reflect the growth spurt due to intra-cortical myelination of the dendritic processes of pyramidal cells (MiotNoirault et al., 1997) , as well as changes in chemical composition and iron deposition related to increased macromolecules and membranes (Baratti et al., 1999) .
Findings from these MRI markers are in support of our hypotheses that the neurodevelopment trajectory is altered at a given threshold determined by the GAB of the infant; and each brain structure has its characteristic threshold for this change point. The clinical implications of the findings will require long-term neurological evaluations in these preterm and term-born infants. Our ongoing longitudinal neonatal study would provide a better understanding of the consequences of the change points and change patterns observed from the multi-modality MRI data.
This study has several limitations. First, due to the low and continuously-changing gray and white matter contrast in neonatal brain MRI (Baratti et al., 1999; Barkovich et al., 1988; Huang et al., 2006) , the cortical ROIs in our neonatal brain atlas (Oishi et al., 2011) included both cortical gray and subcortical white matter, which had the mixture of variable developmental changes that may confound the interpretations of the change points. Voxel-based analysis may be less susceptible to this limitation. Second, the imaging data may be affected by motion, which is common in pediatric imaging, despite our rigorous protocol for QC during data acquisition and analysis. Future use of prospective motion-correction techniques (Herbst et al., 2015; Jiang et al., 2007; Rousseau et al., 2006) are warranted. Third, the automated segmentation of both DTI and T2 maps using a single-brain atlas may not be sufficient; the segmentation accuracy could be further improved by employing more advanced image analysis tools, such as multi-atlasbased image segmentation (Tang et al., 2014) . Fourth, relative small sample size (n=43) in the preterm infant range (GAB from 23.7 to 36.9 weeks) may affect the significance of the change point analysis. Despite the fact that we matched the number of term-born infants to that of the preterm infants, we still have a higher sample density in the high-GAB range (37.3-52.1 weeks) than those born earlier. Since the MRI measurements in high GAB infants are likely to have similar normative values, we expected that the relatively higher number of samples in this GAB range could reduce the measurement noise while imposing minimal bias in the change point model fitting. Lastly, the MRI markers investigated in this study (FA/MD/T2), are composite measures that reflect the contribution of multiple and heterogeneous microscopic tissue compartments. Advanced image acquisition and reconstruction techniques may provide more specific microstructural information. For example, advanced diffusion MRI models (Assaf et al., 2008; Zhang et al., 2012) and myelin water imaging (Whittall et al., 1997) could provide specific information about the various tissue components. These techniques, however, are more demanding with regard to image acquisition time and hardware and therefore difficult to perform in neonatal studies.
Conclusion
In summary, we performed a novel change point analysis to investigate the critical GAB that may lead to altered postnatal brain development, using DTI and T2 mapping data from preterm and termborn infants. The analysis from multi-modality MRI markers revealed structure specific GAB that are related to neuronal maturation, such as membrane proliferation or myelination. The findings from this study suggest differential regional response to the preterm birth that may impact postnatal brain development; however, long-term follow-up evaluation is required to investigate the consequent clinical implications of these findings.
